The steady-state, viscous, compressible flow and heat transfer in the vicinity of an axisymmetric stagnation point of an infinite stationary cylinder with constant wall temperature are investigated. The impinging freestream is steady and with a constant strain rate k. Exact solutions of the Navier-Stokes equations and energy equation are derived in this problem. A reduction of these equations is obtained by use of appropriate transformations introduced for the first time. The general self-similar solution is obtained when the wall temperature of the cylinder is constant. All of the aforementioned solutions are presented for Reynolds numbers Re ka 2 =2 ranging from 0.01 to 1000, selected values of compressibility factor, and different values of Prandtl numbers where a is cylinder radius and is kinematic viscosity of the fluid. For all Reynolds numbers and surface temperatures, as the compressibility factor increases, both components of the velocity field, heat-transfer coefficient, and shear stresses increase, whereas the pressure function decreases. 
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The steady-state, viscous, compressible flow and heat transfer in the vicinity of an axisymmetric stagnation point of an infinite stationary cylinder with constant wall temperature are investigated. The impinging freestream is steady and with a constant strain rate k. Exact solutions of the Navier-Stokes equations and energy equation are derived in this problem. A reduction of these equations is obtained by use of appropriate transformations introduced for the first time. The general self-similar solution is obtained when the wall temperature of the cylinder is constant. All of the aforementioned solutions are presented for Reynolds numbers Re ka 2 =2 ranging from 0.01 to 1000, selected values of compressibility factor, and different values of Prandtl numbers where a is cylinder radius and is kinematic viscosity of the fluid. For all Reynolds numbers and surface temperatures, as the compressibility factor increases, both components of the velocity field, heat-transfer coefficient, and shear stresses increase, whereas the pressure function decreases.
Nomenclature a = cylinder radius c = density ratio f = function hz = local heat-transfer coefficient k = thermal conductivity k = freestream strain rate P = nondimensional pressure p = fluid pressure Pr = Prandtl number q w = heat flow at wall r, z = cylindrical coordinates Re = Reynolds number T = temperature T w = wall temperature T 1 = freestream temperature Greek = compressibility factor = function related to density = similarity variable = nondimensional temperature = viscosity = kinematic viscosity = fluid density 1 = freestream density = shear stress I. Introduction E XISTING solutions of the problem of axisymmetric stagnationpoint flow and heat transfer on either a cylinder or a flat plate are for viscous, incompressible fluid. These studies started by Hiemenz [1] , who obtained an exact solution of the Navier-Stokes equations governing the two-dimensional stagnation-point flow on a flat plate, and were continued by Homann [2] with an analogous axisymmetric study and by Howarth [3] and Davey [4] , whose results for stagnation flow against a flat plate for asymmetric cases were presented. Wang [5, 6] was the first to find an exact solution for the problem of axisymmetric stagnation flow on an infinite stationary circular cylinder; this was continued by Gorla's works [7] [8] [9] [10] [11] , which are a series of steady and unsteady flows and heat transfer over a circular cylinder in the vicinity of the stagnation point for the cases of constant axial movement and the special case of axial harmonic motion of a nonrotating cylinder. Cunning et al. [12] have considered the stagnation flow problem on a rotating circular cylinder with constant angular velocity; Grosch and Salwen [13] as well as Takhar et al. [14] studied special cases of unsteady viscous flow on an infinite circular cylinder. The most recent works of the same types are the ones by Saleh and Rahimi [15] and Rahimi and Saleh [16, 17] , which are exact solution studies of a stagnation-point flow and heat transfer on a circular cylinder with time-dependent axial and rotational movements, as well as studies by Abbasi and Rahimi [18] [19] [20] [21] , which are exact solutions of stagnation-point flow and heat transfer but on a flat plate. Some existing compressible flow studies but in the stagnation region of bodies and by using boundary layer equations include the study by Subhashini and Nath [22] as well as Kumari and Nath [23, 24] , which are in the stagnation region of a body, and work of Katz [25] as well as Afzal and Ahmad [26] , Libby [27] , and Gersten et al. [28] , which are all general studies in the stagnation region of a body.
The problem of stagnation-point flow and heat transfer for the case of compressible fluid has not been considered so far. In this research work, solution of the problem of axisymmetric stagnation-point flow and heat transfer is presented for the case of compressible, viscous fluid on a stationary cylinder with constant wall temperature. An exact solution of the Navier-Stokes equations and the energy equation is obtained. The self-similar solution is reached by introducing for the first time similarity variables. Sample distributions of shear stress and temperature fields at Reynolds numbers ranging from 0.01 to 1000 are presented for different values of Prandtl numbers and fluid compressibility factor.
II. Problem Formulation
Flow is considered in cylindrical coordinates r; '; z with corresponding velocity components u; v; w; see Fig. 1 . We consider the laminar steady compressible flow and heat transfer of a viscous fluid in the neighborhood of an axisymmetric stagnation point of a stationary infinite circular cylinder with constant wall temperature. An external axisymmetric radial stagnation flow of strain rate k impinges on the cylinder of radius a, centered at r 0. The steady Navier-Stokes and energy equations in cylindrical polar coordinates governing the axisymmetric compressible flow and heat transfer are as follows.
Mass, 
where p, , , and T are the fluid pressure, density, kinematic viscosity, and temperature inside the boundary layer and after the impingement has occurred, respectively. The boundary conditions for the velocity field are r a:
in which Eq. (5) represents no-slip conditions on the cylinder wall, and the relations of Eq. (6) show that the viscous flow solution approaches, in a manner analogous to the Hiemenz flow, the potential flow solution as r ! 1. This can be confirmed by starting from continuity equation as the following: 
where k is the thermal conductivity of the fluid and T w is temperature at the wall cylinder, respectively, and T 1 is the freestream temperature.
A reduction of the Navier-Stokes equations is obtained by the following coordinate separation of the velocity field, which are actually modeled by the form of their limits as represented by Eq. (6).
Also, a density ratio is introduced to indicate the change of density normal to the surface, which gives back the similarity parameters for the case of an incompressible fluid:
is a dimensionless radial variable, prime denotes differentiation with respect to , and 1 is freestream density. Note that, for the case of incompressible flow ( constant), this variable is similar to the one in Wang [5] , except that it changes from zero to infinity instead of one to infinity. Transformations (8) satisfy Eq. (1) automatically, and their insertion into Eqs. (2) and (3) yields a coupled system of differential equations in terms off, and an expression for the pressure:
In these equations,
and Re ka 2 2 is the Reynolds number, and prime indicates differentiation with respect to . From conditions (5) and (6) , the boundary conditions for Eqs. (10) and (11) are as follows:
To model the variation of density with respect to temperature, the following Boussinesq approximation is used assuming low Mach number flow:
in which is compressibility factor. To transform the energy equation into a nondimensional form, we introduce
Making use of Eqs. (8) and (15) Equation (11) (10) is exactly reduced to the equation obtained in [5] for the radial component of velocity, and Eq. (16) reduces to the energy equation obtained in [7] with consideration of starting value for the variable .
Equations (10) and (16), along with boundary conditions (13) and (17), have been solved by using the fourth-order Runge-Kutta method of integration along with a shooting method by Press et al. [29] . Using this method, the initial values were guessed and the integration was repeated until convergence was obtained. In these computations, the grid size was chosen as 0.001, and the truncation error was set to 1 10
9 . The equations are descretized using finite difference and are solved using a tridiagonal matrix algorithm.
III. Shear Stress
The shear stress on the surface of the cylinder is obtained from @w @r ra (19) where is the viscosity of the fluid. Using definition (8), the shear stress at the cylinder surface for self-similar solutions becomes
Results for a=4Kz for different values of Reynolds numbers with Prandtl number held constant and for different values of Prandtl numbers with Reynolds number held constant are presented later.
IV. Presentation of Results
In this section, the solution of the self-similar Eqs. (10) and (16), along with surface shear stresses for prescribed values of surface temperature for selected values of Reynolds and Prandtl numbers, are presented.
Sample profiles of the f function against for compressibility factor, 0:0033, Pr 0:7, constant wall temperature T w 300 ok , and for selected values of Reynolds numbers are presented in Fig. 2 . As Reynolds number increases, the depth of diffusion of the fluid velocity field in radial direction increases. Effects of variation of compressibility factor on f function against for T w 500 ok , Pr 1:0 and selected value of Reynolds number Re 1 are shown in Fig. 3 . For 0, incompressible fluid, the results of Gorla [7] are extracted; it is interesting to note that, as increases, the depth of diffusion of the fluid velocity field in radial direction increases. Thus, for all the Reynolds numbers, the incompressible fluid case produces the lowest value of radial velocity, and, as compressibility increases, this quantity increases accordingly. It can be shown that the trend of the aforementioned variations are the same for Re 10 and 100. Effect of surface temperature of the cylinder on the depth of the diffusion of the fluid velocity field in radial direction has been depicted in Fig. 4 for 0:0033, Pr 0:7, and selected values of Reynolds numbers. Note that, as the surface temperature of the cylinder increases, this quantity increases for all values of Reynolds numbers. This is expected because the increase of surface temperature and compressibility of the fluid have parallel effects. It can be shown that the trend of the aforementioned variations are the same for Re 10 and 100.
Sample profiles of the f 0 function against for compressibility factor, 0:0033, Pr 0:7, constant wall temperature T w 300 ok , and for selected values of Reynolds numbers are shown in Fig. 5 . Again, as Reynolds number increases, the depth of diffusion of the fluid velocity field in z direction increases. Effects of variations of compressibility factor on f 0 function against for T w 500 ok , Pr 1:0 and selected value of Reynolds number Re 1 are shown in Fig. 6 . For 0, incompressible fluid, the result of Gorla [7] is extracted; it is interesting to note that, as increases, the depth of the diffusion of the fluid velocity field in the z direction also increases. Again, the incompressible fluid case produces the lowest value of velocity in the z direction, and, as the compressibility factor increases, this quantity increases accordingly. Effect of surface temperature of the cylinder on the depth of the diffusion of the fluid Sample profiles of the function against for the case of constant surface temperature for compressibility factor 0:0033, Pr 0:7, T w 500 ok , and for selected values of Reynolds numbers are depicted in Fig. 10 . As Reynolds number increases, the depth of diffusion of the thermal boundary layer decreases, and, in fact, as of Eq. (18), the coefficient of heat transfer increases. Effect of variations of compressibility factor on function against forT w 500 ok , Pr 1:0 and selected values of Reynolds numbers are presented in Figs. 11-13. For 0, incompressible fluid, the result of Gorla [7] is extracted; it is interesting to note that, as increases, the depth of the diffusion of the thermal boundary layer decreases. Again, the incompressible fluid case produces the lowest value of heat-transfer coefficient, and, as compressibility increases, this quantity increases accordingly. Effect of variation of constant Prandtl number on function for the case of constant surface temperature for compressibility factor 0:0033, Re 10, and T w 500 ok is shown in Fig. 14. As Prandtl number increases, the depth of diffusion of the thermal boundary layer decreases, and therefore the heat-transfer coefficient increases.
Sample profiles of pressure function against for the case of Pr 0:7, T w 500 ok , 0:0033, and for selected values of Reynolds numbers are shown in Fig. 15 . As expected, by increase of Reynolds number the depth of diffusion of fluid pressure increases. Figure 16 represents pressure for the case of Pr 0:7, Re 10, 0:0033, and different values of cylinder wall temperature. As the wall temperature increases, pressure decreases. Effect of compressibility factor for the case of Pr 0:7, Re 1, and T w 500 ok is presented in Fig. 17 . The largest amount of pressure is produced for the case of incompressible fluid. Effect of increase of Prandtl number on pressure function is depicted in Fig. 18 for the case of T w 500 ok , Re 10, 0:0033. As Prandtl number increases, the pressure function increases as well.
Sample profiles of surface shear stress against cylinder wall temperature are shown in Fig. 19 , for the case of Pr 0:7, 0:0033 and for selected values of Reynolds numbers. As expected, the higher the Reynolds number, the higher the surface shear stress, and, for individual Reynolds number case, the value of surface shear stress increases with surface temperature. The same information above can be concluded from Fig. 20 . Effect of compressibility factor on shear stress against Reynolds number is shown in Fig. 21 , for the case of Pr 0:7, T w 500 ok . It is interesting to note that the incompressible fluid case produces the least amount of shear stress. 
V. Conclusions
An exact solution of the Navier-Stokes equations and energy equation has been obtained for the problem of stagnation-point flow on a stationary circular cylinder with constant wall temperature. A reduction of these equations is obtained by use of appropriate transformations introduced for the first time. The general self-similar solution is obtained when the wall temperature of the cylinder is constant. All of the aforementioned solutions have been presented for Reynolds numbers Re ka 2 =2 ranging from 0.01 to 1000 and for different values of Prandtl numbers and compressibility factor. For all Reynolds numbers and cylinder wall temperatures, as compressibility factor increases, both components of the velocity field, heattransfer coefficient, and shear stresses increase, and pressure function decreases. For the case of incompressible fluid, 1 or c 1, and similarity variables and radial component of velocity by Wang [5] , as well as energy equation by Gorla [7] , are obtained. 
